A hierarchy of transcriptional regulators controlling lateral root formation in Arabidopsis thaliana has been identified, including the AUXIN RESPONSE FACTOR 7 (ARF7)/ARF19-LATERAL ORGAN BOUNDARIES DOMAIN 16 (LBD16)/LBD18 transcriptional network; however, their feedback regulation mechanisms are not known. Here we show that LBD18 controls ARF activity using the dual mode of a positive feedback loop. We showed that ARF7 and ARF19 directly bind AuxRE in the LBD18 promoter. A variety of molecular and biochemical experiments demonstrated that LBD18 binds a specific DNA motif in the ARF19 promoter to regulate its expression in vivo as well as in vitro. LBD18 interacts with ARFs including ARF7 and ARF19 via the Phox and Bem1 domain of ARF to enhance the transcriptional activity of ARF7 on AuxRE, and competes with auxin/indole-3-acetic acid (IAA) repressors for ARF binding, overriding the negative feedback loop exerted by Aux/IAA repressors. Taken together, these results show that LBD18 and ARFs form a double positive feedback loop, and that LBD18 uses the dual mode of a positive feedback loop by binding directly to the ARF19 promoter and through the protein-protein interactions with ARF7 and ARF19. This novel mechanism of feedback loops may constitute a robust feedback mechanism that ensures continued lateral root growth in response to auxin in Arabidopsis.
INTRODUCTION
The root system of dicotyledonous plants consists of a primary root and lateral roots (Bellini et al., 2014) . Lateral roots are a major determinant of root system architecture that affects the efficiency of water and nutrient acquisition of plants (P eret et al., 2009a) . Lateral roots develop postembryonically. Lateral root formation in Arabidopsis takes place via the four major developmental events of priming, initiation, primordium development and the emergence of lateral roots (P eret et al., 2009a) . Lateral roots are generated from founder cells that are formed from xylem pole pericycle cells primed in the basal meristem of the primary root in response to auxin. Lateral root development is initiated by anticlinal and asymmetric division of founder cells to form a single-layered primordium, and these cells undergo organized anticlinal and periclinal divisions, generating a dome-shaped lateral root primordium emerging from the parent root via cell separation (Parizot et al., 2008; P eret et al., 2009a,b; Lavenus et al., 2013) . The lateral roots continue to grow by the activation of the lateral root meristem.
The plant hormone auxin plays major roles in every step of lateral root development (Lavenus et al., 2013) . The auxin signaling pathway in Arabidopsis involves two types of regulators, the AUXIN RESPONSE FACTOR (ARF) transcription factors and the auxin (Aux)/indole-3-acetic acid (IAA) transcriptional repressors that are associated with ARFs (Berleth et al., 2004; Parry and Estelle, 2006) . Auxin is perceived by the TIR1/AFB auxin receptor, an F-box protein of a ubiquitin ligase complex, and an Aux/IAA protein, and this triggers the proteasome-mediated degradation of Aux/ IAA proteins by ubiquitination, allowing ARFs to regulate auxin-responsive genes for the auxin response (Maraschin Fdos et al., 2009; Salehin et al., 2015; Weijers and Wagner, 2016) . In Arabidopsis, a hierarchy of regulatory genes controlling lateral root formation via auxin signaling have been identified, including the ARF7/ARF19-LATERAL ORGAN BOUNDARIES DOMAIN 16 (LBD16)/LBD18 transcriptional network via the AUX1/LIKE-AUX 3 (LAX3) auxin influx carriers (Okushima et al., 2007; Lee et al., 2009b Lee et al., , 2015 . ARF7 and ARF19 control lateral root formation in part via the activation of their downstream targets, LBD16 and LBD18. The LBD genes encode a class of transcription factors that play important roles in a plethora of plant growth and development (Majer and Hochholdinger, 2011) . The LBD proteins have a conserved LATERAL ORGAN BOUNDARIES (LOB) domain at the N terminus, comprising a four-Cys motif with CX 2 CX 6 CX 3 C spacing, a Gly-Ala-Ser block (GAS block) and a predicted coiled-coil (Iwakawa et al., 2002; Shuai et al., 2002) . The LOB domain is required for DNA-binding activity and biological function (Husbands et al., 2007; Lee et al., 2013b) . A recent study demonstrated that the conserved coiled-coil motif is critical for the dimerization of LBD16 and LBD18 (Lee et al., 2017) . Moreover, the homodimerization of LBD18 is shown to be required for transcriptional regulation and for lateral root formation (Lee et al., 2017) . LBD16 plays a role in the migration of the nuclei in the lateral root founder cell towards the common cell walls after priming (Goh et al., 2012) . LBD18 has been shown to act as a specific DNA-binding transcriptional activator and to regulate the expression of several cell-wallloosening factors, including EXP14, EXP17 and EXP18, and a cell-wall remodeling enzyme, polygalacturonase, enhancing lateral root emergence Lee and Kim, 2013; Lee et al., 2013a) . LBD18 also activates E2Fa, a gene encoding the transcription factor for cell cycle initiation, as well as other cell cycle genes, including CYCLIN-DEPENDENT KINASE A1;1 (CDKA1;1), CDKB1;1 and CYCLINB1;1, to mediate lateral root organogenesis (Berckmans et al., 2011; Lee et al., 2015) . LAX3 affects the auxin influx of outer endodermis and cortex cells, and induces the expression of cell-wall-remodeling enzymes, promoting lateral root emergence by weakening the walls of overlaying cells and thus separating the overlaying cells (Swarup et al., 2008) . The expression of LAX3 is auxin inducible and dependent upon ARF7-LBD29, and thus this regulatory arrangement creates a positive feedback loop (Swarup et al., 2008; Porco et al., 2016) . The gene regulatory network that controls lateral root formation in Arabidopsis has been inferred using a time-delay correlation algorithm (Lavenus et al., 2015) . Despite our detailed knowledge of the gene regulatory networks that control lateral root formation, the feedback regulation of the ARF7/ ARF19-LBDs gene networks and its molecular mechanisms remain unknown.
Here, we provide molecular evidence that LBD18 acts in a positive feedback loop to increase ARF activity. We demonstrate that LBD18 upregulates ARF19 expression by directly binding the ARF19 promoter. We further show that LBD18 enhances ARF7 transcriptional activity by binding to ARF7, and also suppresses Aux/IAA binding to ARFs through the competitive interaction with the PB1 (Phox and Bem1) protein-protein interaction domain (previously referred to as domain III/IV) of ARFs. These results suggest that a dual mode of a positive feedback loop exerted by LBD18 for ARF expression and transcriptional activity may override a negative feedback loop mediated by Aux/IAA proteins. These intertwined feedback loops mediated by ARF19 and LBD18 may provide a robust feedback mechanism for sustained lateral root formation in response to auxin.
RESULTS

ARF19 directly upregulates the expression of LBD18
Previous microarray and gene expression studies have shown that the expression of LBD18 is critically affected by ARF7 and significantly affected by ARF19, and that ARF19 expression is affected by ARF7, indicating that ARF7 controls ARF19 expression, and both ARF7 and ARF19 control LBD18 expression (Okushima et al., 2005; Lee et al., 2009a) . To examine whether LBD18 is a primary target of ARF19, we generated transgenic lines expressing dexamethasone(DEX)-induced nuclear localization of ARF19 protein fused with the glucocorticoid hormone binding domain (ARF19:GR) under its own promoter (Pro ARF19 :ARF19:GR), and selected transgenic line #31-5 showing the highest expression levels for both the ARF19 and ARF19:GR transcripts for further analysis (Figure S1) . RT-qPCR analysis showed that LBD18 expression slightly but significantly increased by approximately 15.9 or 20.6% after DEX treatment or cycloheximide (CHX), a protein synthesis inhibitor, for 2 h, compared with that of mock-treated plants (Figure 1a ), indicating that ARF19 upregulates the expression of LBD18 in tissue where ARF19 is expressed. DEX treatment with CHX resulted in a 2.2-fold increase in LBD18 expression compared with that of DEX or CHX alone, respectively (Figure 1a ), suggesting that the ARF19-GR-mediated upregulation of LBD18 does not require new protein synthesis. Upregulation of LBD18 by CHX treatment indicated that LBD18 expression is under the control of a labile repressor(s), most likely the Aux/IAA proteins ( Figure 1a ). As LBD18 contains one AuxRE motif in its promoter region, we examined whether ARF7 and ARF19 bind to the AuxRE motif present in the LBD18 promoter in vitro by using an electrophoretic mobility shift assay (EMSA). We used the LBD18 promoter region containing AuxRE as a probe and the N-terminal polypeptides of ARF7 and ARF19 harboring a putative DNA-binding domain, expressed and isolated as a 6xHis:SUMO fusion protein. Increased band intensities were observed with increasing quantities of 6xHis:SUMO:ARF7N or 6xHis:SUMO:ARF19N recombinant proteins, whereas no band shift was observed with 6xHis:SUMO protein used as a negative control (Figures 1b and S2 ). Taken together, these results show that ARF19 activates the expression of LBD18 without new protein synthesis, and that both ARF7 and ARF19 bind to the AuxRE motif in the LBD18 promoter in vitro. (a) Expression of LBD18 in Pro ARF19 :ARF19:GR plants: 7-day-old Arabidopsis plants were treated with or without dexamethasone (DEX) and/or cycloheximide (CHX) for 2 h, and RNA from the dissected roots was subjected to RT-qPCR analysis. The relative fold changes were plotted after normalization to ACTIN7. The relative fold change represents the ratio relative to the transcript level of mock-treated plants. Mean AE SE values were determined from three biological replicates (each biological replicate was estimated as the average of two technical RT-qPCR replicates). Statistical significance: *P < 0.05, **P < 0.01, mock versus DEX, CHX or DEX + CHX; $$ P < 0.01, CHX versus DEX + CHX; ## P < 0.01, DEX versus DEX + CHX; all by Student's t-test. (b) EMSA for 6xHis:SUMO:ARF19N using the LBD18_AuxRE probe. EMSA was performed with increasing concentrations (50, 100, 200 and 400 lM) of 6XHis: SUMO:ARF19N and 400 fmol of the LBD18_AuxRE DNA probe. 6xHis:SUMO was used as a negative control for EMSA. FP, free probe. (c) ARF19 expression in Pro 35S :LBD18:GR plants treated with DEX or CHX for 3 h: 7-day-old plants were incubated with different chemicals for the indicated times, and RNA from whole seedlings were subjected to RT-qPCR analysis. Data analysis was conducted as described in Figure 1a . Statistical significance: ***P < 0.001, mock versus DEX, CHX or DEX + CHX; $$ P < 0.01, CHX versus DEX + CHX; ## P < 0.01, DEX versus DEX + CHX; all by Student's t-test. (d) ARF19 expression in Pro 35S :LBD18:GR transgenic Arabidopsis: 7-day-old Pro 35S :LBD18:GR plants were incubated with the indicated chemicals for 3 h, and RNA from the dissected roots were subjected to RT-qPCR analysis. Data analysis was conducted as described in Figure 1a . Statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001, mock versus indole-3-acetic acid (IAA), DEX or CHX; all by Student's t-test. (e) ARF19 expression in Pro LBD18 :LBD18:GR transgenic Arabidopsis. The plants were incubated with mock or DEX for 7 days, and were subjected to RT-qPCR analysis. The expression of EXP14 and UBIQUITIN-CONJUGATING ENZYME E2 (UBC) was used as a positive control and a negative control, respectively. Data analysis was conducted as described in Figure 1a . Statistical significance: *P < 0.05, **P < 0.01, mock versus DEX, by Student's t-test.
ARF19 is upregulated by LBD18 and is a primary target for LBD18 during lateral root formation
In the previous microarray analysis of early genes regulated by LBD18 expressed under the control of the cauliflower mosaic virus (CaMV) 35S promoter, we noted that ARF19 expression was significantly increased by LBD18 (Lee et al., 2013a) . This result led us to hypothesize that a double positive feedback loop may exist between ARF19 and LBD18 during auxin signaling. To evaluate this hypothesis, we investigated whether LBD18 can induce ARF19 expression in Pro 35S :LBD18:GR plants. To determine whether ARF19 is a primary response gene of LBD18 or not, we treated Pro 35S :LBD18:GR plants with DEX in the presence or absence of CHX for 3 h. DEX treatment significantly induced ARF19 expression by approximately 2.3-fold, and CHX did not prevent the DEX-induced expression of ARF19, indicating that ARF19 is a primary response gene of LBD18 without new protein synthesis ( Figure 1c ). We next examined the expression profile of ARF19 in the presence of DEX, auxin indole-3-acetic acid (IAA) and/or CHX in root tissue of Pro 35S :LBD18:GR (Figure 1d ). A similar but higher expression profile of ARF19 was observed in response to DEX and/or CHX, which is consistent with the role of ARF19 in root. Pro 35S :LBD18:GR treated with both DEX and IAA for 3 h displayed a higher induction of ARF19 expression (approximately 5.1-fold) than DEX-or IAA-treated plants (~3.7-fold), relative to mock-treated plants, indicating that auxin and LBD18-induced ARF19 expression is additive to some extent. IAA does not enhance CHX-induced ARF19 expression, however, because both auxin and CHX results in a decreased Aux/IAA protein level because of the absence of new protein synthesis and the background auxin-induced turnover rate (Figure 1d ). To validate the upregulation of ARF19 expression by LBD18 in a tissue-specific manner, we used transgenic Arabidopsis plants expressing LBD18:GR under the control of its own promoter (Pro LBD18 :LBD18:GR), and performed reverse transcription-quantitative PCR (RTqPCR) analysis (Figure 1e ). RT-qPCR analysis of DEX-treated Pro LBD18 :LBD18:GR plants showed that the levels of ARF19 and EXP14 transcripts increased by 23 and 30%, respectively, compared with mock-treated plants, whereas the expression of UBIQUITIN-CONJUGATING ENZYME E2 (UBC), used as a negative control, did not change, demonstrating that LBD18 upregulates the expression of ARF19 specifically in tissues where LBD18 is normally expressed (Figure 1e ). Consistent with this observation, ARF19 expression was reduced by 17 and 27% in the root of the lbd18 mutant compared with that in the wild type, in both mock and IAA treatments, respectively, whereas UBC expression was unchanged in both the wild type and the lbd18 mutant treated with or without auxin (Figure 2a ). We next examined the expression profile of ARF19 in the presence of DEX and/or CHX in root tissue of Pro LBD18 :LBD18:GR (Figure 2b ). DEX and CHX treatment of Pro LBD18 :LBD18:GR resulted in a 1.5-and 3.9-fold increase of the ARF19 transcript levels compared with that of root tissue in the mock-treated plants, respectively (Figure 2b ). Simultaneous treatment of Pro LBD18 :LBD18:GR with DEX and CHX resulted in a 5.6-fold increase of the ARF19 transcript levels, indicating that ARF19 is a primary response gene of LBD18 without new protein synthesis in tissues where LBD18 is normally expressed. We further analyzed ARF19 expression in transgenic plants expressing LBD18 fused to SUPERMAN REPRESSIVE DOMAIN X (SRDX) under the control of its own promoter in the wild type and in the lbd18 mutant background treated with or without auxin (Figure 2c ). The SRDX chimeric repressor dominantly represses the target genes, which allows the functional analysis of transcription factors with genetic redundancy (Hiratsu et al., 2003) . The expression of ARF19 was reduced by 17% in the lbd18 mutant, compared with that of the wild type, and LBD18: SRDX expression also resulted in the dominant repression of ARF19 expression in both the wild type and the lbd18 mutant background by 20% and 37%, respectively (Figure 2c) . Although auxin treatment of Pro LBD18 :LBD18:SRDX/ Col-0 or/lbd18 enhanced the ARF19 transcript levels, LBD18: SRDX exhibited more pronounced repression for ARF19 expression with auxin treatment than without auxin treatment. Simultaneous treatment of DEX and IAA resulted in the additional induction in ARF19 expression compared with DEX or IAA treatment alone (Figure 2d ). Taken together, these results suggest that ARF19 is an endogenous target of LBD18 and that LBD18 directly upregulates ARF19 expression using a signaling mechanism distinct from auxin action. By contrast, the ARF7 transcript levels were not altered by DEX and/or auxin treatment for up to 24 h ( Figure S3 ), which is in agreement with the previous observation that ARF7 expression is not changed by auxin treatment (Ulmasov et al., 1999; Okushima et al., 2005; Lee et al., 2009a) .
To demonstrate that LBD18 activates ARF19 expression during lateral root formation, we generated transgenic lines expressing a GUS reporter gene under the control of the ARF19 promoter in the Pro LBD18 :LBD18:GR and lbd18 mutant backgrounds. To determine whether LBD18 regulates ARF19 expression at different stages of lateral root development, Pro ARF19 :GUS/Pro LBD18 :LBD18:GR double transgenic lines were treated with mock or DEX for 16 h, and GUS expression was analyzed at different stages of lateral root primordium development (stages V, VI and VIII), and in emerged lateral root (Malamy and Benfey, 1997) . Analysis of GUS staining showed that GUS expression was enhanced in DEX-treated plants compared with mock-treated plants at all four different lateral root developmental stages as well as in emerged lateral root (Figure 2e) . In contrast, a significant reduction in GUS staining was observed in the lbd18 mutant compared with that in the wild type (Figure 2f ). These results indicated that LBD18 activates ARF19 expression via the ARF19 promoter during lateral root development and emergence.
Transactivation of the ARF19 promoter by LBD18 does not strictly require AuxREs and the LBD motifs previously identified
The promoters of auxin-regulated genes contain auxin response elements, referred to as AuxREs, that confer the auxin inducibility of the promoter (Ballas et al., 1993; Ulmasov et al., 1995 Ulmasov et al., , 1997a . A consensus DNA binding motif, named the LBD motif, that is recognized by some LBD proteins, such as LOB, LBD4 and LBD6, has been characterized using in vitro selection and amplification binding assays (Husbands et al., 2007) . We identified four AuxREs and four LBD motifs in the ARF19 promoter region up to -3236 bp relative to the AUG initiation codon ( Figures S4a  and S5 ). To determine whether AuxREs or these LBD motifs in the ARF19 promoter are the cis-acting elements that are necessary for LBD18 to mediate the transcriptional (a) ARF19 expression in wild type and lbd18 mutant in response to auxin. UBIQUITIN-CONJUGATING ENZYME E2 (UBC) was used as a negative control. Sevenday-old plants were incubated with indole-3-acetic acid (IAA) or mock for 3 h and subjected to RT-qPCR analysis, and RNA from dissected roots was analyzed as described in Figure 1a . The relative fold change represents the ratio relative to the transcript level of Col-0. Mean AE SE values were determined from three biological replicates (each biological replicate was estimated as the average of two technical RT-qPCR replicates). Statistical significance: **P < 0.01, Col-0 versus lbd18 by Student's t-test.
(b) Effect of cycloheximide treatment on dexamethasone(DEX)-induced expression of ARF19 in Pro LBD18 :LBD18:GR plants. Seven-day-old plants were incubated with DEX and/or cycloheximide (CHX) for 2 h and subjected to RT-qPCR analysis, and RNA from the dissected roots was analyzed as described in Figure 1a . Statistical significance: ***P < 0.001, mock versus DEX, CHX or DEX + CHX; $$ P < 0.01, DEX versus CHX; ## P < 0.01, CHX versus DEX + CHX; all by Student's t-test. (c) Expression of ARF19 in Pro LBD18 :LBD18:SRDX/Col-0 and Pro LBD18 :LBD18:SRDX/lbd18 plants compared with that of Col-0 and lbd18. Seven-day-old plants were treated with or without IAA for 3 h, and were subjected to RT-qPCR analysis, and RNA from the dissected roots was analyzed as described in Figure 1a . Statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001, Col-0 versus lbd18 or Pro LBD18: LBD18:SRDX/Col-0 or Pro LBD18: LBD18:SRDX/lbd18; # P < 0.05, lbd18 versus Pro LBD18: LBD18:SRDX/lbd18; $ P 0.05, Pro LBD18: LBD18:SRDX/Col-0 versus Pro LBD18: LBD18:SRDX/lbd18; all by Student's t-test. (d) Expression of ARF19 in Pro LBD18 :LBD18:GR mock-treated plants, and plants treated with DEX, IAA or DEX + IAA for 2 h. Seven-day-old plants were treated with mock, DEX, IAA, or DEX + IAA for 2 h, and RNA from the dissected roots was analyzed as described in Figure 1a . Statistical significance: **P < 0.01, ***P < 0.001, mock versus DEX, IAA or DEX + IAA; $$$ P < 0.001, DEX versus IAA; all by Student's t-test. (e, f) GUS expression of Pro ARF19 :GUS/Pro LBD18 :LBD18:GR (e) and Pro ARF19 :GUS/WT or lbd18 (f) plants. Seven-day-old Pro ARF19 :GUS/Pro LBD18 :LBD18:GR plants were incubated with or without DEX for 16 h and subjected to GUS staining (e). Seven-day-old Pro ARF19 :GUS in wild type (WT) and Pro ARF19 :GUS in lbd18 (lbd18) plants were subjected to GUS staining (f). Scale bars: 50 lm. ELR: emerged lateral root. activation of ARF19, transient gene expression assays with protoplasts isolated from Arabidopsis mesophyll cells were performed using various reporter constructs harboring the full-length wild-type ARF19 promoter (Pro ARF19FL :LUC) or the ARF19 promoter containing mutations in these motifs (Pro m(LBD)ARF19FL :LUC or Pro m(AuxRE)ARF19FL :LUC) fused to a LUCIFERASE (LUC) reporter gene. The effector plasmid contains the LBD18 coding region under the control of the CaMV 35S promoter and a translational enhancer sequence (Ω) from tobacco mosaic virus located upstream of the translation initiation site (Pro 35S :Ω:LBD18) (Figure S4b) . Co-transfection of the Pro 35S :Ω:LBD18 plasmid significantly enhanced the expression of the LUC reporter gene from both wild-type reporter plasmid and reporter plasmids harboring mutations in AuxREs or harboring mutations in the LBD motifs, compared with the absence of Pro 35S :Ω:LBD18, indicating that a distinct cis-element(s) is required for LBD18 to transactivate the ARF19 promoter ( Figure S4b and c). Intriguingly, mutations in AuxREs in the reporter plasmid enhanced LUC expression in both the presence and absence of Pro 35S :Ω:LBD18 compared with that of wild-type reporter plasmid ( Figure S4b ), indicating that although AuxRE provides auxin inducibility, it may also act as a repressive element to other cis-elements, possibly because of the Aux/IAA repressors associated with ARFs bound to AuxREs. We obtained a similar result when the reporter plasmids harboring the first half of the ARF19 promoter up to -1624 bp were used in place of the fulllength ARF19 promoter ( Figure S4c ). We confirmed that the ARF19 promoter harboring mutations in all AuxREs confers a significant reduction (43.3%) in the auxin inducibility of the promoter ( Figure S6 ). Taken together, these results suggest that the transcriptional activation of the ARF19 promoter by LBD18 is not strictly dependent on the LBD motifs that were previously identified, nor on AuxREs, but instead requires a new cis-acting element.
LBD18 directly binds a specific sequence of the ARF19 promoter in vitro and in vivo Next, we determined the minimal ARF19 promoter region required for transcriptional activation by LBD18. A series of reporter plasmids were constructed in which the ARF19 promoter of 1.6 kbp was deleted from the 5 0 to the 3 0 terminus and fused with LUC, and co-transfection assays were conducted with or without Pro 35S :Ω:LBD18 (Figure 3a ). The -400 bp promoter region showed a greater reduction in LUC expression in the presence of Pro 35S :Ω:LBD18 compared with the promoter region longer than 600 bp, suggesting that the 200-bp region from À600 to À400 bp of the ARF19 promoter, relative to the start codon, is necessary for transcriptional activation by LBD18 ( Figure 3a) . To determine the ARF19 promoter region that LBD18 directly binds in vitro, we conducted an EMSA with 15 overlapping oligonucleotide probes encompassing the region from -616 to -382 bp of the ARF19 promoter and the LBD18 recombinant protein, 6xHis:SUMO:LBD18 (aa#1-191), (Figure 3b and c) . Among all 15 probes, the LBD18 recombinant protein bound strongly to probe #1 (from -616 to -582 bp), and bound weakly to probe #9 (from -599 to -572 bp), which overlaps partly with probe #1 (Figure 3c ). We conducted competition binding assays with probe #1, showing that the binding of the LBD18 recombinant protein to probe #1 was competed out with increasing quantities of unlabeled specific probe #1 (Cold P#1), whereas this binding was not affected by unlabeled non-specific probe #2 (Cold P#2) (Figure 3d ,e). These results demonstrated that LBD18 directly binds the region from -616 to -582 bp of the ARF19 promoter in a DNA-sequence-specific manner in vitro.
To show that LBD18 binds the ARF19 promoter in vivo, we performed chromatin immunoprecipitation (ChIP) assays with transgenic plants expressing LBD18 tagged with C-terminus haemagglutinin (HA) under the control of its own promoter in the lbd18 mutant background (Pro LBD18 : LBD18:3XHA/lbd18) ( Figure 3f ). Two different transgenic lines (#15-1 and #24-7) with the highest expression of LBD18:3XHA, as shown by both RT-PCR and western blot analysis, were used for the ChIP experiment ( Figure S7 ). A quantitative ChIP-PCR analysis showed that LBD18 binds specifically to the A-region harboring the LBD18 binding site identified by EMSA, whereas it did not bind to the nonspecific B-region that does not have the LBD18 binding site (Figure 3f ). A quantitative ChIP-PCR analysis for ACTIN7 in the lbd18 mutant background did not show any enrichment for the ARF19 promoter region. These results demonstrated that LBD18 binds directly to the ARF19 promoter in vivo.
To further narrow down the minimal nucleotide sequence of the ARF19 promoter required for LBD18 binding, EMSAs were conducted with a series of truncated probe #1 deleted either from the 5 0 end (d1-d4) or from the 3 0 end (d5-d8) ( Figure 4a ). LBD18 bound to probes from P1 to d3, but did not bind to probe d4, whereas LBD18 binding was nearly abolished with probes d6-d8. The d5 probe showed a weak binding to LBD18. These results showed that the d3 region of the ARF19 promoter is critical for LBD18 binding ( Figure 4a ). We then introduced 3-bp mutations in the d3 probe from the 5 0 to the 3 0 end (m1-m6) and conducted an EMSA (Figure 4b ). We found that the m2 mutation completely blocked the LBD18 binding, and the m3, m4 and m5 mutations resulted in a significant reduction in LBD18 binding ( Figure 4b ). The m6 mutation showed an unexpectedly very strong binding to LBD18, compared with all other probes used, which may indicate a nucleotide sequence that is highly favorable for LBD18 binding. To corroborate these EMSA results in plant cells, we conducted transient gene expression assays with Arabidopsis protoplasts, using reporter plasmids harboring wild-type ARF19 promoter encompassing the -700 bp region from the start codon (Pro ARF19-700 :LUC), or using the same promoter region that has mutation in m2, m3, m4 or m5 fused with LUC. Co-transfection of the Pro 35S :Ω: LBD18 effector plasmid caused a 10-fold increase in LUC expression from wild-type reporter plasmid (Pro ARF19-700 : LUC), whereas m2 mutation in the promoter completely abolished LUC expression, compared with the absence of Pro 35S :LBD18 (Figure 4c ). The reporter plasmids with m3, m4 or m5 mutations in the ARF19 promoter displayed a significant reduction by 81, 72 or 56%, respectively, in LUC expression with the co-expression of LBD18 compared with wild-type reporter plasmid. The Pro 35Smini :LUC used as a negative control for these assays did not show any increase in LUC expression with the co-expression of LBD18 ( Figure 4c ). As mutations in the ARF19 minimal (a) Identification of the DNA region of the ARF19 promoter necessary for transcriptional activation by LBD18. Reporters consisted of a series of the ARF19 promoter sequences fused to LUC. The promoter sequences were deleted by 200 bp from the 5 0 end, starting from -1600 up to -200 nucleotides relative to the AUG initiation codon. The effector construct contained the LBD18 coding region under the control of the CaMV 35S promoter and a translational enhancer sequence (Ω) from tobacco mosaic virus located upstream of the translation initiation site (Pro 35S :Ω:LBD18). The Pro 35S :GUS effector plasmid was co-transfected as an internal control to normalize the transfection efficiency. Protoplasts prepared from Arabidopsis mesophyll cells were transfected with the indicated reporter constructs, with or without the Pro 35S :Ω:LBD18 effector plasmid, and incubated for 18 h. The protoplasts were then harvested, and the LUC and GUS activities were measured. The values on the y-axis are derived from the measurements of relative light units of LUC activity after normalizing to GUS activity, and relative LUC activities were plotted as the ratio of the LUC activity of the given assay relative to that of the assay performed with -1600 nucleotides relative to the start codon without Pro 35S :Ω:LBD18 effector plasmid. Data are means AE SEs of three independent biological replicates. Statistical significance: *P < 0.05, ***P < 0.001, with Pro 35S :Ω:LBD18 versus without Pro 35S :Ω:LBD18, by Student's t-test. (b) Schematic diagram showing the oligonucleotide probes used for the electrophoretic mobility shift assay (EMSA). The numbers presented below and above the line indicate the positions of the nucleotides relative to the AUG initiation codon and probe numbers, respectively. (c) Identification of the DNA region of the ARF19 promoter for LBD18 binding by EMSA. EMSA was performed with 250 ng of 6XHis:SUMO:LBD18 and 400 fmol of the indicated DNA probes. (d, e) Competition binding assays of 6XHis-SUMO:LBD18 to probe #1. EMSA with 6XHis:SUMO:LBD18 was carried out with increasing quantities of unlabeled probe #1 at 10-, 50-, 100-or 200-fold relative to the quantity of radiolabelled probe #1 (d), or with increasing quantities of unlabeled probe #2 (e). 6xHis:SUMO was used as a negative control for the EMSA. FP, free probe. (f) ChIP assays showing in vivo binding of LBD18 to the ARF19 promoter region. The diagram shown at the top indicates the ARF19 promoter regions A and B (specific and non-specific, respectively), analyzed by ChIP. The numbers shown above the line indicate the positions of nucleotides relative to the AUG initiation codon. Transgenic lines #15-1 and #24-7, expressing the highest levels of mRNA and HA:LBD18 proteins detected by RT-PCR and Western blot analysis, respectively ( Figure S7 ), were used. The lbd18 mutant was used as a negative control. Genomic DNA precipitated by ChIP using the HA antibody (Ab) from the roots dissected was analyzed via qPCR. ACTIN7 was used as a negative control for qPCR. The data are means AE SEs of three independent biological replicates. Statistical significance: *P < 0.05, with HA antibody (+Ab) versus without HA antibody (-Ab), by Student's t-test.
promoter region differentially affect reporter gene expression without LBD18 co-expression ( Figure S8 ), other factors may also be involved in the promoter activity of the ARF19 minimal DNA region. Nevertheless, these transient gene expression assay results are in agreement with the EMSA results (Figure 4a and b) . In addition, by using EMSAs with probes containing one nucleotide point mutation starting from the 5 0 end to the 3 0 end in the d3 probe (d3_m1-d3_m12), we showed that the nucleotide sequence, CCGGXTTTXXXG, is critical for LBD18 binding, where X is any nucleotide ( Figure S9 ).
LBD18 interacts with ARF proteins bound to AuxRE
To gain insight into the mechanism by which LBD18 acts as a transcriptional activator, we had previously screened an Arabidopsis cDNA library using LBD18 as bait in the yeast two-hybrid system, and isolated the proteins that interact with LBD18 . Interestingly, we had found a few ARF members interacting with LBD18. To verify the protein-protein interaction between LBD18 and ARFs in plant cells, we conducted bimolecular fluorescence complementation (BiFC) assays (Walter et al., 2004) for LBD18 and a few ARFs, such as ARF7, ARF8 and ARF19 ( Figure S10 ).
For the BiFC assay, LBD18 was fused to the N-terminal fragment of YFP (YFP N ), and ARF7, ARF8 and ARF19 were individually fused to the C-terminal fragment of YFP (YFP C ).
Arabidopsis mesophyll cell protoplasts were transfected with combinations of LBD18-YFP N and ARF-YFP C plasmids, and the subcellular localization of the YFP fusion protein was determined by confocal laser scanning microscopy. A strong YFP signal was detected in the nucleus when IAA1-YFP N and IAA1-YFP C plasmids, used as a positive control, were co-expressed, whereas the negative controls did not show a YFP signal ( Figure S10 ). We detected a strong YFP signal in the nucleus when YFP N -LBD18 was co-expressed with YFP C -ARF7, YFP C -ARF8 or YFP C -ARF19 plasmids. This result indicated that LBD18 interacts with ARF7, ARF8 and ARF19 in plant cells ( Figure S10 ).
ARF7 is a critical upstream transcription factor regulating the expression of both ARF19 and LBD18 in response to auxin, and ARF19 is also an upstream transcription regulator of LBD18 expression (Okushima et al., 2005; Lee et al., 2009a) . We conducted a firefly luminescence complementation imaging (LCI) assay to further demonstrate the interaction between LBD18 and ARF7 or ARF19 in planta, as the LCI assay has been shown to be a highly sensitive tool for 0 end in the d3 probe, and EMSA was performed as described in Figure 3c . (c) Mutation effects of the nucleotides identified as critical for LBD18 binding on transactivation in Arabidopsis protoplasts. The m2, m3, m4 or m5 mutations were generated in the 700-bp region of the ARF19 promoter [Pro ARF19 (-700) :LUC] and fused to LUC. Each of these LUC reporter constructs with or without the Pro 35S :Ω:LBD18 effector plasmids were co-transfected into mesophyll protoplasts isolated from Arabidopsis. The Pro 35Sm :LUC reporter construct consisted of the 46-bp CaMV 35S minimal promoter region fused to LUC, and was used as a negative control. Transient gene expression assays were conducted and analyzed as described in Figure 3a . The values on the y-axis represent the relative light units of LUC activity after normalizing to GUS activity. LUC activities obtained from co-transfection with Pro 35S :Ω:LBD18 were plotted as fold changes relative to those obtained without Pro 35S :Ω:LBD18. The bars indicate SDs of three independent biological replicates, and different letters indicate a significant difference determined by one-way ANOVA with Tukey's honestly significant difference test (P < 0.05).
determining protein-protein interactions in planta using Agrobacterium-mediated transient expression in Nicotiana benthamiana (Chen et al., 2008; Lee et al., 2017) . LBD18, ARF7 or ARF19 was fused to the N-terminal (nLUC) or Cterminal (cLUC) fragment of LUC, respectively. We examined leaves co-expressing different constructs for LUC images captured using a CCD camera yielded by complementation of nLUC and cLUC, which is brought about by protein-protein interaction, and the LUC activities were quantified. Both N. benthamiana leaves expressing nLUC-ARF7 and cLUC-LBD18 or cLUC-ARF7 and nLUC-LBD18 plasmids [ Figure 5a and b(viii), b(ix)], and N. benthamiana leaves expressing nLUC-ARF19 and cLUC-LBD18 or cLUC-ARF19 and nLUC-LBD18 plasmids [ Figure 5c (Lee et al., 2013b) . A weak but significant luminescence signal was observed with nLUC-ARF7 and cLUC-ARF7 plasmids in the LCI assay by more than twofold compared with the vector control [ Figure 5a and b(vii)], whereas strong LUC activity was observed with nLUC-ARF19 and cLUC-ARF19 plasmids by 22-fold compared with the vector control [Figure 5c, d(vii) ]. This result indicates that the homodimerization of ARF19 is stronger than that of ARF7.
To examine the role of LBD18 binding to ARF proteins, co-transfection assays using Arabidopsis protoplasts were performed with reporter plasmid harboring an auxinresponsive direct repeat DR5 promoter element fused to LUC, Pro DR5(3X): LUC, and an effector plasmid Pro 35S :Ω: LBD18. As DR5 interacts with ARF proteins (Tiwari et al., 2003) , we thought that LBD18 co-expression might result in an enhancement of LUC expression by LBD18 interacting with ARFs bound to DR5. As expected, Pro 35S :Ω:LBD18 cotransfection greatly enhanced LUC expression by 14-fold, whereas Pro 35Smini :LUC and Pro EXP14 :LUC, used as negative and positive controls, respectively, did not enhance or significantly enhance LUC expression, respectively (Figure 6a) . Moreover, we found that GUS expression was completely abolished in lateral root primordium of transgenic plants harboring Pro DR5 :GUS reporter and expressing LBD18: SRDX under the control of its own promoter in the lbd18 mutant (Pro LBD18 :LBD18:SRDX/lbd18), compared with the wild type (Figure 6b ). The suppression of ARF19 expression by direct binding of LBD18:SRDX to the ARF19 promoter could contribute to a decrease in GUS expression to some extent; however, ARF7 is not transcriptionally regulated by LBD18 ( Figure S1 ), and the expression of other ARFs except for ARF19 are not regulated by auxin (Ulmasov et al., 1999; Okushima et al., 2005; Lee et al., 2009a) . Thus the abolishment of GUS expression in lateral root primordium by LBD18:SRDX is most likely caused by the suppression of transcriptional activity of ARFs, including ARF7 bound to AuxRE in DR5, via protein-protein interaction. Taken together, these results indicated that LBD18 regulates the transcriptional activity of ARFs in lateral root primodium by interacting with ARFs bound to AuxRE. Figure 5. LBD18 interacts with ARF7 and ARF19 in a firefly luminescence complementation imaging (LCI) assay. (a) LCI assays for protein-protein interaction between LBD18 and ARF7 in Nicotiana benthamiana. Full-length LBD18 and ARF7 were fused to the nLUC or cLUC domain. The indicated constructs were transiently expressed in N. benthamiana, and LCI assays were performed after 72 h of incubation. The pseudocolor bar shows the range of luminescence intensity from weak (blue) to strong (red). (b) Quantification of the LCI assays shown in Figure 5a . Relative LUC activities were plotted as the ratio of the luminescence signal of the given sample relative to that of the vector control. Small letters below the graph indicate the small letters in Figure 5a . The bars indicate SDs of three independent biological replicates, and different letters indicate a significant difference determined by one-way ANOVA with the Tukey's honestly significant difference test (P < 0.05). (c, d) LCI assays for protein-protein interaction between LBD18 and ARF19 in N. benthamiana. LCI assays (c) and quantification of the assays (d) were performed as described in Figure 5a and b, respectively.
The PB1 domain of ARF7 interacts with the C-terminal region of LBD18
As ARF7 is a critical upstream transcription factor regulating LBD18 expression in response to auxin (Okushima et al., 2005; Lee et al., 2009a) , we focused on ARF7 as a representative ARF to determine the ARF domain that interacts with LBD18. We constructed various plasmids encoding three different ARF7 fragments containing B3 DNA-binding domain (ARF7-I, amino acids 1-360), transactivation domain rich in Q, S and L (ARF7-II, amino acids 361-811) or PB1 domain (ARF7-III, amino acids 811-1165) (Figure 7a ), fused with nLUC or cLUC, respectively, for the LCI assay. We detected a strong LUC activity in the LCI assay when the nLUC-LBD18 and cLUC-ARF7-III or cLUC-LBD18 and nLUC-ARF7-III plasmids were transiently expressed in N. benthamiana leaves, respectively [Figure 7b(viii, xiv) ]. Negative controls did not show any signal [Figure 7b(i, ]. The same patterns were observed with the quantification of luminescence signals (Figure 7c ). These results indicate that LBD18 interacts with the PB1 domain of ARF7. To further verify this interaction, we conducted a yeast two-hybrid assay with the full-length LBD18 and the PB1 domain of ARF7 fused in a frame with the Gal4 DNA-binding domain (Gal4BD) or Gal4 transcription activation domain (Gal4AD), respectively. These constructs were transformed into the Y190 yeast strain harboring two reporter genes, His3 and LacZ, and a filter-lift assay was performed to monitor LacZ reporter gene expression. The yeast strain containing the Gal4BD-LBD18 and Gal4AD-ARF7-III constructs was able to activate LacZ reporter gene expression, as it turned blue in the filter-lift assay (Figure 7d ), demonstrating that LBD18 and the PB1 domain of ARF7 interact with each other in yeast as well. The yeast strain with IAA1 constructs, used as a positive control for protein-protein interaction, displayed a strong blue signal (Kim et al., 1997) , whereas yeast strains with various negative control plasmids did not form blue colonies in the filter-lift assay (Figure 7d) .
We next determined the binding domain of LBD18 that interacts with the PB1 domain of ARF7 using the LCI assay with five different deletion constructs of LBD18 polypeptide fused with cLUC and ARF7-III to nLUC (Figure 8a ). The LCI assay results with both imaging and quantification showed that the ARF7-III fragment interacts strongly with LBD18-II and LBD18-III fragments, but very weakly with LBD18-I, LBD18-IV or LBD18-V fragments (Figure 8b and c) . As LBD18-II and LBD18-III fragments interact with the ARF7-III fragment at equal strength, the C-terminal region (aa#144-262) containing the transcription activation domain of LBD18, but without the coiled-coil, is critical for interacting with ARF7 via the PB1 domain.
The Aux/IAA repressor proteins act as negative regulators of auxin signaling by antagonizing the action of ARF proteins through protein-protein interaction via the PB1 domain. Thus, we tested whether the C-terminal region of LBD18 might interact with the Aux/IAA proteins, including IAA1, IAA3, IAA13, IAA14 and IAA28, by using the LCI assay ( Figure S11) ; however, we did not detect LUC activity with any IAA proteins that were examined for the interaction with LBD18, indicating that LBD18 does not interact with the Aux/IAA proteins. Taken together, these results demonstrated that LBD18 interacts with ARFs, but not with Aux/IAA proteins.
LBD18 enhances ARF7 transcriptional activity and competes with IAA repressors for regulating ARF7 activity
To understand the molecular significance of the proteinprotein interaction between LBD18 and ARF7, we Figure S4b . The protoplasts prepared from Arabidopsis mesophyll cells were transfected with the indicated reporters with or without Pro 35S :Ω:LBD18. Transient gene expression assays were conducted and analyzed as described in Figure 3a . LUC activities represents the fold changes relative to those obtained from the Pro 35Sm :LUC control. Statistical significance: *P < 0.05, ***P < 0. (Figure 9a ). Auxin inducibility from the Pro ARF19 m(AuxRE) :LUC reporter plasmid was reduced by 24.6% compared with that of the Pro ARF19(AuxRE) :LUC plasmid, indicating that these two AuxREs are functional auxin response elements (Figure 9b and c). Co-transfection of both Pro 35S :Ω:ARF7 and Pro 35S :Ω:LBD18 effector plasmids greatly enhanced LUC expression from Pro ARF19(AuxRE) :LUC, but reduced LUC expression by 31.1% from Pro ARF19 m (AuxRE) :LUC (Figure 9d ). Moreover, we found that coexpression of ARF7 and LBD18 caused synergistically enhanced LUC expression from Pro ARF19(AuxRE) :LUC compared with that from single gene expression (Figure 9e ).
Taken together, these results indicate that LBD18 enhances the transcriptional activity of ARF7 bound to AuxRE. To gain further insight into the mechanism by which LBD18 enhances ARF7 transcriptional activity, we investigated the relative effects of LBD18 and IAA repressors on ARF7 transcriptional activity using protoplast transient gene expression assays. The Auxin-IAA14-ARF7-ARF19 pathway is known to control lateral root development (Fukaki et al., 2002; Vanneste et al., 2005) . Thus we chose IAA14 as an IAA repressor for this investigation. IAA14 caused a significant reduction in LUC expression (46.6 and 56.9%) induced by LBD18 alone or by both LBD18 and ARF7 from Pro ARF19(AuxRE) :LUC, as a result of the strong repressor activity of IAA14, as expected (Figure 9f ). Increasing the concentrations of Pro 35S :Ω:IAA14 at a fixed concentration of Pro 35S :Ω:LBD18 resulted in decreasing LUC expression (Figure 9g ), whereas increasing concentrations of Pro 35S :Ω:LBD18 at a fixed concentration of Pro 35S :Ω:IAA14 recovered LUC expression from the repression caused by IAA14 (Figure 9h ), suggesting that LBD18 and IAA14 repressor, and possibly other IAA repressors as well, compete with each other to bind ARF7 for modulating the transcriptional activity of ARF7.
DISCUSSION
Previous genetic studies have shown that ARF7 and ARF19 control lateral root formation in Arabidopsis in part via the activation of their downstream targets, LBD16 and LBD18 (Okushima et al., 2007; Lee et al., 2009b) . In the present study, we showed that ARF7 and ARF19 proteins bind the AuxRE motif existing in the LBD18 promoter and that LBD18 directly regulates the expression of ARF19 in a positive feedback loop by binding to a specific region in the ARF19 promoter, and interacts with ARF7 to enhance the transcriptional activity of ARF7. Overexpression of LBD18 under the control of the CaMV 35S promoter as well as under the control of its own promoter resulted in a significant increase in ARF19 expression, whereas ARF19 expression was reduced in the lbd18 mutant (Figures 1c-e and 2a) . Consistent with this, expression of LBD18 under the control of its own promoter enhanced GUS staining in transgenic Arabidopsis plants expressing GUS under the ARF19 promoter, whereas in the lbd18 mutant, GUS expression was significantly reduced (Figure 2e and f) . A significant induction of ARF19 expression was caused by DEX and CHX treatments of both Pro 35S :LBD18:GR and Pro LBD18 :LBD18:GR plants, compared with that of DEX or CHX alone, indicating that ARF19 is a primary target of LBD18 (Figures 1c-e  and 2b ). We also showed that the overexpression of LBD18 fused with the SRDX dominant repressor caused a reduction in ARF19 expression, compared with that of controls with or without auxin treatment (Figure 2c) . LBD18:SRDX expressed in Col-0 and in the lbd18 mutant background resulted in a reduced expression of ARF19 in both the absence and presence of auxin (Figure 2c) . EMSA and ChIP assays demonstrated that LBD18 binds to a specific region in the ARF19 promoter in vitro and in vivo (Figures 3b-f and 4) . Moreover, the reduced binding of LBD18 to oligonucleotide probes harboring mutations in vitro correlates with reduced reporter gene expression in Arabidopsis protoplasts (Figures 4c and S8 ). These genetic and biochemical results demonstrated that LBD18 directly induces ARF19 expression in a positive feedback loop.
The minimal nucleotide sequence necessary for LBD18 binding to the ARF19 promoter, 5 0 -CCGGGTTTATGG-3 0 , which was identified by our EMSA (Figures 4 and S9) , contains a nucleotide sequence similar to a sequence identified for LBD18 binding by DNA affinity purification sequencing (DAP-seq; Figure S12 ) (O'Malley et al., 2016) . The top motif of LBD18 determined by DAP-seq is in agreement with the nucleotide sequence critical for LBD18 binding, 5 0 -CCGGXTTTXXXG-3 0 , where X is any nucleotide, revealed by our EMSA using oligonucleotides harboring multiple deletions and mutations (Figures S9 and S12) . Selection and amplification binding assays have previously shown that the LOB domain of LOB recognizes the hexamer GCGGCG with CGGC as a core sequence, termed the LBD motif (Husbands et al., 2007) . Two other proteins, LBD4 and LBD6, also specifically bind this LBD motif (b) LCI assays to determine the domain of LBD18 that interacts with the PB1 domain of ARF7 in Nicotiana benthamiana. Various regions of LBD18, including LBD18-I-LBD18-V and the PB1 domain of ARF7 were fused to the cLUC or nLUC domain, respectively. The LCI assays were performed as described in Figure 5a . (c) Quantification of the LCI assays shown in Figure 8b . The quantification of the LCI assays was conducted as described in Figure 5b . (Husbands et al., 2007) . Since the DNA sequence elements that LBD18 binds in the ARF19 promoter shown in this study as well as in the EXP14 promoter in our previous study are significantly different from the LBD motif, the different LBD transcription factors may be diverse in their binding to the promoters of their own target genes. This proposition is further supported by the result showing that mutations in all four LBD motifs in the ARF19 promoter did not significantly affect LBD18-mediated transcriptional activation of the promoter (Figure S4b) . Moreover, the top DNA binding motifs of five different LBD proteins identified by DAP-seq differ from one another (O'Malley et al., 2016) . We showed that some ARF proteins, such as ARF7, ARF8 and ARF19, interact with LBD18 in yeast, Arabidopsis protoplasts and N. benthamiana ( Figures 5 and 6 and S10). We found that the C-terminal region of LBD18 specifically interacts with ARF7 through the PB1 domain, but not with Aux/IAAs (Figures 7 and 8 and S11 ). ARF proteins have been previously shown to regulate other transcription factors, or to be regulated by other transcription factors via protein-protein interactions (Wang and Estelle, 2014) . For example, ARF7 was shown to suppress the lateral root formation in Arabidopsis by interacting with an MYB (v-myb avian myeloblastosis viral oncogene homolog) transcription factor (MYB77) (Shin et al., 2007) . The C-terminal domain of ARF8 interacts with the C-terminal domain of basic helix-loop-helix transcription factor BIGPETALp (BPEp) to affect Arabidopsis petal growth (Varaud et al., 2011) . The BREVIS RADIX (BRX) transcriptional co-regulator interacts with the PB1 domain of ARF5, enhancing the ARF5 transcriptional activity (Guilfoyle and Hagen, 2012) . KANADI (Kelley et al., 2012) , BRASSINAZOLE RESISTANT and REPRESSOR OF GA (Oh et al., 2014) were also shown to interact with ARFs. In this study, we showed that LBD18 enhanced the transcriptional activity of ARF7 bound to AuxRE via protein-protein interaction (Figures 6 and 9e) . Mutations in AuxRE motifs reduced the enhancement in the transcriptional activity of the reporter gene on the promoter by combined expression of LBD18 and ARF7, indicating the importance of the LBD18-ARF7 interaction in the transcriptional activation of the reporter gene (Figure 9d) . Consistent with this, the expression of LBD18:SRDX under the control of the LBD18 promoter abolished GUS expression of the DR5:GUS reporter in the lateral root primordium (Figure 6b ). ARF7 transcriptional activity was reciprocally regulated by IAA14 and LBD18 (Figure 9g and h). These results together suggest that LBD18 interacts with the PB1 domain of the ARF7 protein, enhancing ARF7 activity by potentiating ARF transcriptional activity and by competing out Aux/IAA repressors that interact with ARF7. The ARF7-PB1 fragment did not stably interact with LBD18 in a GST pull-down assay, however, although LBD18 homotypically interacts with each other and ARF7-PB1 interacts with IAA14, as expected ( Figure S13) . Moreover, the ARF7 full-length proteins could not be made by in vitro translation, nor in Escherichia coli. Thus competitive interaction between LBD18 and IAA14 for ARF7 binding could not be shown in vitro.
The structures of ARF and Aux/IAA proteins that were determined by X-ray crystallography and nuclear magnetic resonance spectroscopy, along with mutational analysis, revealed the molecular basis of how ARFs bind to AuxRE, and how ARF and Aux/IAA proteins interact homotypically or heterotypically with each other through the PB1 domain (Boer et al., 2014; Han et al., 2014; Korasick et al., 2014; Nanao et al., 2014; Dinesh et al., 2015) . The PB1 domains are also known to mediate protein-protein interaction in animals, fungi and amoebas (Guilfoyle and Hagen, 2012; Dinesh et al.,2016; Parcy et al., 2016) . The PB1 domains of ARF and Aux/IAA display two distinct surface patches of oppositely charged amino acids, negative face and positive face, allowing them to mediate head-to-tail oligomerization via electrostatic interactions Dinesh et al., 2015) . Binding thermodynamics using isothermal titration calorimetry revealed a higher affinity for the IAA17-ARF5 heterodimer than for individual homodimers (Han et al., 2014) . According to the amino acid sequence alignment and secondary structure prediction, the C-terminal region of LBD18 has neither similarity to the PB1 domain nor displays a b-grasp fold of the PB1 domain. As LBD18 binds to ARF7 through the ARF PB1 domain, but not with the five Aux/IAAs tested in the present study, a distinct structural feature in the LBD18 C-terminal region may have the specificity to interact with the ARFs, including ARF7 and ARF19, allowing it to competitively inhibit Aux/IAA binding to ARFs.
Based on the present results, we propose a working model that integrates the dual mode of the positive feedback regulation by LBD18 on ARF19 expression and the transcriptional activities of ARF7 and ARF19 into lateral root development in Arabidopsis (Figure 10 ). Auxin signaling activates the transcriptional activity of ARF7 by removing Aux/IAA repressors via ubiquitin-mediated degradation by the 26S proteasome. ARF7 and then ARF19, produced by ARF7, bind the AuxRE motif present in the LBD18 promoter, activating LBD18 expression. LBD18 goes back in a positive feedback loop to enhance the expression of its upstream regulator ARF19, by directly binding a specific cis-acting element existing in the ARF19 promoter. At the protein level, LBD18 interacts with the PB1 domain of ARF7, and competes for ARF7 binding with Aux/IAA repressors such as IAA14 produced by ARF7 and ARF19, as a negative feedback regulatory loop. Thus the LBD18-ARF7 and LBD18-ARF19 complexes can maintain the expression of their downstream target genes to some extent through the positive feedback loops that may contribute to continued lateral root formation in response to auxin.
A previous study on gene networks controlling root epidermis cell fate in Arabidopsis demonstrated the importance of positive feedback loops in making developmental decisions (Kang et al., 2009 and emergence LBD18 Figure 10 . Working model for the feedback regulation mechanism of the ARF7/ARF19-LBD18 transcriptional network controlling lateral root formation in Arabidopsis.
REGULATOR 9 in the circadian clock, GLABRA-2 activation of MYB23 in cell fate maintenance during trichome morphogenesis and the role of MAP kinases in HAESA expression via the de-repression of AGAMOUS-like 15 for floral abscission (Wang et al., 2011; Khosla et al., 2014; Patharkar and Walker, 2015) . These positive feedback loops help to lock in the developmental decision, and make it less sensitive to perturbation, and also provide a reinforcement mechanism for a response (Gierer and Meinhardt, 1972; Freeman, 2000; Page et al., 2003) . Despite the tight regulation of auxin response genes by Aux/IAA repressors via a negative feedback loop, the expression of LBD18 was significantly maintained even after 24 h of auxin treatment ( Figure S14 ). A subset of auxin-responsive genes, including LBD16 and LBD29, were shown to display continually increasing expression patterns or to maintain their high expression levels in response to auxin (Lee et al., 2009a) . The dual mode of the positive feedback loop by LBD18 that we have revealed in the present study may play an important role in overcoming the inhibitory effect of Aux/IAA repressors on ARF function, allowing the production of LBD18 and, possibly, a subset of other auxin-responsive transcription factors, including LBD16 and LBD29 as well, that may help to ensure sustained lateral root formation in response to auxin. The present result demonstrated that LBD18 acts in a positive feedback loop to increase ARF activity using a dual mechanism via increasing gene expression by directly binding to the ARF19 promoter, and via enhancing ARF transcriptional activity by interacting with ARF7 and ARF19. Although it remains to be explicitly determined how this positive feedback loop is biologically significant for lateral root development in plants, a previous study (Lee et al., 2015) provides some insights into the significance of this positive feedback loop in lateral root development. Analysis of the lateral root development kinetics of Pro LBD18 :LBD18: SRDX/lbd18 transgenic plants, expressing LBD18:SRDX, a dominant repressor form of LBD18, under the control of the LBD18 promoter in the lbd18 mutant background, in response to a gravitropic stimulus, showed that 40% of lateral root initiation events were blocked at 18 h post-gravitropic induction (pgi), compared with both the wild type and the lbd18 mutant, and that lateral root primordium development was significantly delayed (Lee et al., 2015) . The present study showed that GUS expression in lateral root primordium in DR5:GUS plants is abolished by LBD18: SRDX (Figure 6b ). These observations indicate that the inhibition of lateral root initiation events and primordium development by LBD18:SRDX could in part result from the suppression of the positive feedback loop mediated by LBD18; however, we could not observe any difference in lateral root development kinetics between the lbd18 mutant and the wild type because of functional redundancy with other similar transcription factors (Lee et al., 2015) .
EXPERIMENTAL PROCEDURES Plant growth and tissue treatment
Arabidopsis thaliana (Col-0) seedlings were grown and treated as described previously (Park et al., 2002) . For the treatment of hormone and chemicals, seedlings were grown on a 3MM Whatman filter paper (GE Healthcare, http://www.gehealthcare.com) on top of agar plates with a 16-h photoperiod at 23°C. The filter paper with seedlings was transferred to plates containing 20 lM IAA, 10 lM DEX or 50 lM CHX, and was incubated for a given period of time with gentle shaking in the light at 23°C. Nicotiana benthamiana plants were grown under continuous light at 25 AE 1°C for 3 weeks in a commercial potting mixture (3 : 2 : 1, peat : soil : perlite; Hungnong Seed, now Farm Hannonng, https:// www.farmhannong.com) for the LCI assay.
PLANT MATERIALS
Arabidopsis thaliana ecotype Columbia was used throughout this study. The homozygous T-DNA insertion mutant lines, lbd18, arf7, arf19 and arf7 arf19 double mutants, were used from previous studies (Lee et al., 2009b (Lee et al., , 2013a . Pro ARF19 :GUS (male) was crossed with lbd18 (female) or Pro LBD18 :LBD18:GR/lbd18 (female), and the homozygous lines were isolated via genotyping for lbd18 or Pro LBD18 :LBD18:GR/lbd18, and also through PCR detection of genomic DNA for Pro ARF19 :GUS. Pro DR5 :GUS transgenic Arabidopsis in the Pro LBD18 :LBD18:SRDX/lbd18 background was generated by crossing Pro DR5 :GUS with Pro LBD18 :LBD18:SRDX/lbd18, and the homozygous lines were isolated via genotyping. Pro 35S :LBD18:GR/ lbd18, Pro LBD18 :LBD18:GR/lbd18, Pro 35S :LBD16:GR/lbd16, Pro LBD18 : LBD18:SRDX/Col-0, Pro LBD18 :LBD18:SRDX/lbd18 and Pro 35S :LBD18: GR/arf7 arf19 were used from previous studies (Lee et al., 2009b (Lee et al., , 2015 . The primer sequences used in this study are presented in Table S1 .
Plasmid construction and Arabidopsis transformation
To generate the Pro ARF19 :ARF19:GR construct, a full-length ARF19 coding region was PCR-amplified with complementary DNA (cDNA) synthesized from total RNA using SuperScript TM II Reverse Transcriptase (Invitrogen, now ThermoFisher Scientific, https:// www.thermofisher.com), and subcloned into the pGEM-T easy vector (Promega, https://www.promega.com), yielding the pGEM-ARF19 construct. This construct was then used to replace LBD18 from the existing Pro 35S :LBD18:GR plasmid (Lee et al., 2009b) with ARF19 using XbaI (N terminus) and XhoI (C terminus) sites to generate Pro 35S :ARF19:GR. A DNA fragment of 3236 bp upstream of the ARF19 start codon was amplified by PCR, using primers with SbfI (N terminus) and NheI (C terminus) sites. The resulting DNA fragment was then introduced into Pro 35S :ARF19:GR at the SbfI and XbaI sites, yielding the Pro ARF19 :ARF19:GR vector. To construct the Pro LBD18 :LBD18:3XHA construct, the Pro LBD18 :LBD18 DNA fragment was amplified from the Pro LBD18 :LBD18:GR plasmid by PCR and was subcloned into pENTRTM/SD/D-TOPO â (Invitrogen) by the Gateway â BP recombination reaction, yielding pENTRTM/SD/D-TOPO â -Pro LBD18 :LBD18. This construct was then subcloned into the pGWB515 destination vector by the Gateway â LR recombination reaction, yielding Pro LBD18 :LBD18:3XHA. Transgenic Arabidopsis harboring each DNA construct was generated by Agrobacterium tumefaciens-mediated transformation, and the T3 homozygous plants obtained were used for analysis. All constructs were confirmed via DNA sequencing prior to plant transformation. The oligonucleotides used in this study are presented in Table S1 .
RNA isolation, RT-PCR and real-time RT-PCR
Following treatment with hormones and chemicals, Arabidopsis tissues were immediately frozen in liquid nitrogen and stored at -80°C. For the RT-PCR analysis, total RNA was extracted using a TRI Reagent â (Molecular Research Center, Inc.), and subjected to RT-PCR analysis with the Access RT-PCR System (Promega), according to the manufacturer's instructions. RT-qPCR was carried out using a QuantiTect SYBR Green RT-PCR kit (Qiagen, https:// www.qiagen.com) in a CFX96
TM real-time system using a C1000 TM Thermal cycler (Bio-Rad, http://www.bio-rad.com), as described previously (Jeon et al., 2010) . All real-time RT-PCR analyses were conducted with triplicate biological replications and were subjected to statistical analysis. The analysis of relative gene expression data was conducted as described previously (Livak and Schmittgen, 2001 ). The oligonucleotides used for RT-PCR and RTqPCR are presented in Table S1 .
Electrophoretic mobility shift assay (EMSA)
To construct the vectors for His fusion proteins, DNAs encoding the N-terminal fragment of ARF7 (aa 1-367) or ARF19 (aa 1-365) and LBD18 (aa 1-191) were PCR-amplified and inserted into the pET28a-6His:TEV:SUMO vector at the BamHI (N terminus) and XhoI (C terminus) sites. Expression of 6xHis:SUMO-fusion proteins in E. coli was performed as described previously, except that the cells were grown until the OD 600 of the cultures reached 0.4-0.6 (Lee et al., 2013a) . The cultured bacterial cells were lysed with lysis buffer (1X PBS and protease inhibitors) and sonicated with a Vibra-Cell model VCX130 (Sonics & Materials Inc., https:// www.sonics.com). His-fusion proteins were purified using a His SpinTrap kit (GE Healthcare, http://www.gehealthcare.com) according to the manufacturer's protocol. The purified proteins were dialyzed against dialysis buffer (1X PBS, 10% glycerol). The EMSA was conducted essentially as described previously (Lee et al., 2013a) , with DNA probes prepared by annealing complementary oligonucleotides (25-37 mers) and 100 ng of the purified His-fusion proteins.
Chromatin immunoprecipitation (ChIP) assay
The ChIP assays were conducted essentially as described previously (Saleh et al., 2008; Lee et al., 2013a) . DNA from root tissue of 8-day-old Arabidopsis plants was immunoprecipitated with an anti-HA antibody (Santa Cruz Biotechnology, Inc., https://www.scb t.com). Real-time PCR analysis was conducted using SsoFast EvaGreen Supermix (Bio-Rad) on a CFX96 real-time system machine (Bio-Rad). The ACTIN7 DNA fragment was used for normalization. The oligonucleotides used for qPCR are presented in Table S1 .
Microscopy and histochemical GUS assay
Whole-mount visualization and histochemical assays for GUS activity were conducted as described previously (Jeon et al., 2016) .
Construction of reporter and effector plasmids for transient gene expression assays
The Pro ARF19FL :LUC and Pro ARF19a :LUC reporter constructs were generated by replacing the Gal4(3X) DNA fragment of Gal4(3X): LUC plasmid (Tiwari et al., 2003) with different regions of the ARF19 promoter. The ARF19 promoter regions of Pro ARF19FL :LUC and Pro ARF19a :LUC, containing the nucleotides from -3236 to -1 bp from the AUG initiation codon, and the nucleotides from -1624 to -1 bp, corresponding to the first half of the ARF19 promoter region, respectively, were amplified by PCR, with primers harboring the SalI site at the 5 0 end and the NheI site at the 3 0 end, from genomic DNA isolated from Arabidopsis, and were subcloned into pGEM-T easy vector. The Gal4(3X) DNA fragment of Gal4(3X):LUC was then replaced with each ARF19 promoter region at the SalI and SpeI sites (SpeI has the compatible cohesive end for NheI), yielding the Pro ARF19FL :LUC and Pro ARF19a :LUC reporter constructs. The Pro m(LBD)ARF19FL :LUC, Pro m(AuxRE)ARF19FL :LUC, Pro m(LBD)ARF19a : LUC and Pro m(LBD)ARF19a :LUC constructs were generated by sitedirected mutagenesis of the existing plasmids Pro ARF19FL :LUC and Pro ARF19a :LUC. To generate a series of 200-bp deletions of the ARF19 promoter region fused to LUC, different ARF19 promoter regions were PCR-amplified from Pro ARF19a :LUC using primers harboring the SalI site at the 5 0 end and the NheI site at the 3 0 end, and subcloned into the Gal4(3X):LUC vector after removing Gal4 (3X) DNA with SalI and SpeI. To generate Pro ARF19(-700) :LUC and the same constructs harboring mutations in the LBD18 binding region of the ARF19 promoter, the 700-bp ARF19 promoter from the AUG start codon was PCR-amplified and subcloned into the Gal4(3X):LUC vector. The Pro ARF19(-700) :LUC plasmid was used to generate mutations in the LBD18-binding region of the ARF19 promoter by site-directed mutagenesis. For the Pro ARF19(AuxRE) :LUC and Pro ARF19 m(AuxRE) :LUC vectors, the AuxRE region of the ARF19 promoter from -892 to -652 bp was PCR-amplified with primers harboring PstI at both the 5 0 and 3 0 ends, and was subcloned into Pro 35S (-46) :LUC. Pro ARF19m(AuxRE) :LUC was generated from Pro ARF19 (AuxRE) :LUC by site-directed mutagenesis. To construct Pro 35S :O: ARF7 and Pro 35S :O:IAA14 effector plasmids, full-length ARF7 and IAA14 coding regions were PCR-amplified and inserted into Pro 35S :Ω:ARR7 (Lee et al., 2013a) at SpeI (N terminus) and SacI sites (C terminus) for ARF7, or at SpeI (N terminus) and ClaI (C terminus) sites for IAA14 as a translational fusion after the removal of the ARR7 DNA fragment, yielding Pro 35S :O:ARF7 or Pro 35S :O:IAA14, respectively. The Pro 35S :O:LBD18 plasmid was used from a previous study (Lee et al., 2013a) . The Pro 35S :GUS plasmid was used as a transfection control (Lee et al., 2008) . All constructs were verified by DNA sequencing. The oligonucleotides used in this study are presented in Table S1 .
Transient gene expression assays
Mesophyll protoplasts from the rosette leaves of 4-week-old Arabidopsis plants were prepared and transfected with plasmid DNA as described previously (Lee et al., 2008; Jeon et al., 2016) . The extraction of total proteins and analysis of GUS and LUC activities were conducted as described previously (Jeon et al., 2016) .
Yeast two-hybrid assay
For yeast two-hybrid assays, DNAs encoding the full-length LBD18 or the C-terminal region of the ARF7-PB1 domain (aa 811-1165) were PCR-amplified and inserted into the pGBT9.BS and pGAD.GH vectors (Kim et al., 1997) at EcoRI (N terminus) and SpeI (C terminus) sites for LBD18, or at the BamHI (N terminus) and SalI (C terminus) sites for ARF7-PB1 as a translational fusion, yielding the Gal4BD:LBD18, Gal4AD:LBD18, Gal4BD:ARF7-PB1 and Gal4AD: ARF7-PB1 constructs, respectively. PCR-amplified DNA sequences were used for subcloning after verification via DNA sequencing. Yeast transformation was performed as described before (Gietz et al., 1992) . Filter-lift and yeast two-hybrid assays were performed as described previously (Breeden and Nasmyth, 1985; Kim et al., 1997) . The oligonucleotide sequences used are presented in Table S1 .
Bimolecular fluorescence complementation (BiFC) assay
To construct BiFC vectors, the full-length coding regions of ARF7, ARF8 and ARF19 were PCR-amplified and fused with the C-terminal fragment of yellow fluorescence protein (YFP C ) (Walter et al., 2004) at the BamHI and SalI sites, yielding the ARF7-YFP C , ARF8-YFP C and ARF19-YFP C constructs. The LBD18 coding region was PCR-amplified and inserted into the N-terminal fragment of yellow fluorescence protein (YFP N ) vector at XbaI and XhoI sites, yielding the LBD18-YFP N construct. The oligonucleotide sequences used are presented in Table S1 . IAA1 was fused with YFP C or YFP N as described above, and was used as a positive control. These plasmids were purified using the Qiagen plasmid midi kit prior to protoplast transformation. Protoplasts from Arabidopsis mesophyll cells were prepared as described previously (Lee et al., 2008) . The analysis of confocal images of YFP fluorescence was conducted as described previously (Kang et al., 2013) .
Firefly luciferase complementation imaging (LCI) assay
The LCI assay was performed as described previously (Chen et al., 2008) . For the ARF7, ARF19 and LBD18 constructs, ARF7, ARF19 and LBD18 were PCR-amplified and subcloned into pDONR221zeo (Invitrogen) via BP recombination using the Gateway â BP Clonase TM II Enzyme mix. These constructs were then subcloned into the pCAMBIA1300-nLUC or pCAMBIA1300-cLUC vectors by LR recombination reaction, yielding the nLUC-ARF7, cLUC-ARF7, nLUC-ARF19, cLUC-ARF19, nLUC-LBD18 and cLUC-LBD18 constructs. To determine the protein-protein interaction domain of ARF7 and LBD18, the DNA region for ARF7-I (aa 1-380), ARF7-II (aa 381-811), ARF7-III (aa 812-1165), LBD18-I (aa 68-262), LBD18-II (aa 116-262), LBD18-III (aa 144-262), LBD18-IV (aa 1-143) or LBD18-V (aa 1-115) was PCR-amplified and subcloned into pDONR221, followed by the pCAMBIA1300-nLUC or pCAM-BIA1300-cLUC vectors, as described above, yielding the nLUC-ARF7-I, nLUC-ARF7-II, nLUC-ARF7-III, cLUC-ARF7-I, cLUC-ARF7-II, cLUC-ARF7-III, cLUC-LBD18-I (aa 68-262), cLUC-LBD18-II (aa 116-262), cLUC-LBD18-III (aa 144-262), cLUC-LBD18-IV (aa 1-143) and cLUC-LBD18-V (aa 1-115) constructs. For Aux/AA constructs, the full-length coding regions for IAA1, IAA3, IAA13, IAA14 and IAA28 were PCR-amplified and subcloned into pDONR221, followed by the pCAMBIA1300.nLUC or pCAMBIA1300.cLUC vectors as described above, yielding the nLUC-IAA or cLUC-IAA constructs. The primer sequences are presented in Table S1 . The constructs were mobilized into A. tumefaciens (strain GV3101). Agrobacterium tumefaciens harboring each vector at an optical density of OD 600 = 0.7 was co-infiltrated into the abaxial epidermal cells of N. benthamiana leaves using a needleless syringe. The plants were incubated for 2-3 days at 23°C with a 16-h light/8-h dark cycle, and were then subjected to the LCI assay (Lee et al., 2017) . The LUC images were observed by G:BOXiChemi XL (Syngene, http://www.syngeneintl.com). An exposure time of 20-30 min was used for all images taken. LUC activity was equivalent to the luminescence intensity/leaf area.
Immunoblot analysis
The total proteins were extracted using standard procedures (Jeon and Kim, 2011) . Total proteins (100 lg) were separated on 12% SDS-PAGE, were transferred to immunoblot polyvinylidene difluoride (PVDF) membranes (Bio-Rad), and were then detected with ECL TM in conjunction with a Western blotting detection system (GE Healthcare). The G-Box iChemiXL Gel Documentation System (Syngene) was used to capture the fluorescence image of the immunoblots. Monoclonal anti-HA antibody produced in mice (Santa Cruz Biotechnology, Inc.) was used as a primary antibody at a 1 : 1500 dilution, and goat anti-mouse IgG-HRP (Santa Cruz Biotechnology, Inc.) was employed as a secondary antibody at a dilution of 1 : 5000.
Statistical analysis
Statistics were performed with SPSS 21, using a Student's t-test or one-way ANOVA with Tukey's honestly significant difference test post-hoc analysis.
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